It has long been recognized that cocaine depresses cell metabolism. Niwa (1919) demonstrated that cocaine, in concentration sufficient to anaesthetize the sciatic nerve of a frog, reduced the production of carbon dioxide by the isolated nerve; Felloni (1935) observed that cocaine depressed the oxygen uptake of blood, Wortis (1935) that of brain and, more recently, Cook & McDevitt (1945) have shown that cocaine and other local anaesthetics retarded the respiration of yeast. Cocaine inhibits certain esterases (Broekmeyer, 1924) , some dehydrogenases (Bach & Lambert, 1938) and the esterification of phenols, including adrenaline (Torda, 1943 a, b) .
Investigations preliminary to a detailed study into the mode of action of cocaine in depressing cellular metabolism have revealed that cocaine inhibits both fermentation and respiration by retarding the metabolism of pyruvate. The results of experiments with Saccharomyces cereviaiae showed that depression of alcoholic fermentation could be attributed to inhibition of carboxylase and that growth in the presence of cocaine induced in the yeast a modified response to addition of vitamin B1 (Ryman & Walsh, 1951 .
Experiments analogous to those with S. cerevisiae on fermentation have now been carried out on respiration using Torulopsis utili8. Investigations into the effects of cocaine on isolated steps of carbohydrate oxidation have been carried out mainly with enzyme systems prepared from mammalian tissues.
The results here presented show that the toxicity of cocaine towards tissue respiration lies, in part at least, in the ability of the alkaloid to block the entry oftwo-carbon fragments into the tricarboxylic acid cycle.
MATERIALS AND METHODS Reagent8. Sodium pyruvate was prepared from redistilled pyruvic acid by the method of Robertson (1942) and recrystallized until pure, as determined iodometrically (Wieland, 1924) . Adenosine triphosphate (ATP) (L. Light and Co.) was freshly weighed for each experiment. Diphosphopyridine nucleotide (DPN) was prepared from fresh baker's yeast as described by LePage (1949 (Weinhouse & Millington, 1947) , has been investigated as follows.
Fresh baker's yeast (5 g.) in distilled water (100 ml.) was aerated at room temperature for 24 hr. The suspension was then mixed with an equal volume of 0-4M magnesium acetate and the pH adjusted to 7-0 with NaHCO3 or acetic acid. Equal volumes of the mixture, one of which contained cocaine, were then aerated at 30°. Since the pH of the mixtures tended to rise, especially during the first hour, the pH values were readjusted at intervals during the experiment.
Samples (2-0 ml.) were withdrawn, at zero time and at intervals, and mixed with 30% (w/v) trichloroacetic acid (1.0 ml.). The mixtures were heated to nearly boiling, centrifuged and the clarified solutions (1 0 ml.) were used for determination of citrate by the method of Natelson, Pincus & Lugovoy (1948 yeast suspension/hr.), while the pH shows less tendency to change and the cocaine has had time to penetrate the cells.
In a preliminary report that cocaine inhibits citrate synthesis, the analytical data from one typical experiment have been published (Ryman & Walsh, 1953) .
In order to be sure that the inhibitory action of cocaine on citrate synthesis was not peculiar to yeast, an experiment was carried out using brain homogenate with pyruvate and oxaloacetate as substrates. Cocaine (0002M) completely inhibited the synthesis of citrate in this system. Effect of cocaine on oxidative de of pyruvate The effect of cocaine on the pyruvate to acetate by dialys homogenate (Banga, Th the system were the same as thc Coxon, Liebecq & Peters (1949) . A( zero time and after 1 hr., was e: method of Bartley (1953) with the tion that sulphuric acid was used i] chloric and the quantity of 2 hydrazine was increased fourfold. were simultaneously recorded.
The results (Table 2) show tha action of cocaine on the step, pyrur insufficient to account for the effect oxidation of pyruvate.
For these results we wish to Fahmy, who, while investigatini nicotine on pyruvic dehydrogenas experiments with cocaine.
Effect of cocaine on choline The effect of cocaine on the anaei acetylcholine from acetate and chc Effect of cocaine on acetylation of 8ulphanilamide
The effect of cocaine on the sulphanilamideacetylating system of liver has been investigated as follows.
Pigeon-liver extracts were prepared from acetone-dried powder as described by Johnson & Quastel (1953) . Mixtures (3-5 ml.), with and without cocaine, containing liver extract (1-0 ml. equivalent to 60 mg. acetone powder), sulphanilamide (100 ug.) and, in final concentrations, potassium phosphate buffer (0-017M), NaHCO3 (0-024M), MgCl2 (0-004M), sodium acetate (0-017M), ATP (0-0025M), DPN (0-0043M) were gassed with 7 % C02-93 % N2 and shaken in the Warburg apparatus at 370 and pH 7-5. Sulphanilamide, Bioch. 1954, 58 VoI. 58 present at zero time and after 1-5 hr., was determined by the method of Bratton & Marshall (1939) and the acetylated sulphanilamide calculated by difference.
In four experiments, in which acetylations of up to 50 % of the sulphanilamide were obtained, cocaine (0.002M) had no effect, thus confirming our belief that cocaine is not a general inhibitor of all reactions in which 'active acetate' is involved.
DISCUSSION
The hypothesis that the presence of a habit-forming drug might induce adaptive changes in cells whereby the continued presence ofthe drug became necessary for the metabolic balance of the cells (Ryman & Walsh, 1951) formed the basis for our preliminary experiments with yeasts, in which the behaviour towards cocaine of the normally grown yeast was compared with that of a twin culture grown in the presence of the drug.
Experiments analogous to those on fermentation (Ryman & Walsh, 1952) have been carried out on respiration, using T. utili8 . Although the respiration of T. utili8 is strongly inhibited by cocaine, these experiments have failed to reveal any changes which might contribute to our knowledge of the mechanism of addiction, or to show any protective action of vitamin B1 against the inhibitory action of cocaine. In view of the possibility that the yeast might have destroyed the cocaine in the growth medium during these experiments, we carried out analyses which showed that 96 % of the cocaine originally present in the medium could be recovered after the yeast had been growing in it for a period of 26 hr.
In view of these preliminary experiments, it seemed desirable to discover more precisely the site of action of cocaine in inhibiting cellular respiration. Since, as our experiments have shown, the inhibition of respiration by cocaine is much greater with pyruvate as substrate than it is with glucose, it appeared that the site of inhibition would be found in the metabolic path following the pyruvate stage.
The experiments with T. utiliw show that cocaine inhibition of respiration with acetate as substrate parallels that with pyruvate. This finding suggests that cocaine acts either by inhibiting the formation of acetyl coenzyme A, whether from acetate or pyruvate, or by inhibiting the further metabolism of the active acetyl group. The experiments on the effect of cocaine on the biosynthesis of citrate from acetate, in which the further metabolism of citrate is blocked by the presence of a high concentration of magnesium, show that citrate synthesis is inhibited by cocaine more strongly than are any of the other enzyme systems studied. These results indicate that cocaine prevents the entry of acetate into the citric acid cycle and that, in carbohydrate oxidation, the site of inhibition lies between pyruvate and citrate.
It remained, therefore, to investigate the effect of cocaine on the degradation of pyruvate to acetate (pyruvic dehydrogenase system) and on other reactions in which active acetate is either formed or used. The systems under consideration are represented diagrammatically as follows. Acetylcholine Acetylsulphanilamide The effect of cocaine was studied on the formation of acetate from pyruvate by dialysed brain homogenate, in which the further metabolism of acetate is prevented by lack of cycle components. Since the inhibitions obtained are small in comparison with the effect on citrate synthesis, it would appear that the principal action of cocaine is not to inhibit active acetate formation but to inhibit its utilization.
The results of experiments with the cholineacetylating system of brain and the sulphanilamideacetylating system of liver show that cocaine does not interfere with these systems to an extent comparable with its effect on the synthesis of citrate. It appears, therefore, that the inhibitory action of cocaine on tissue respiration may be attributed to its ability to block the entry of active acetate into the tricarboxylic acid cycle, and that it is the condensing enzyme which is primarily affected.
It is of interest to consider the results of our enzymic experiments in relation to the biological observations of others. The finding that cocaine inhibits tissue respiration by preventing the oxidation of 'two-carbon fragments' is in complete agreement with the observations of Underhill & Black (1912) , who found that daily injections of cocaine into dogs resulted in impaired fat utilization. It has also been observed that, after cocaine injections, unusually large quantities of lactate appear in the urine (Araki, 1891) as one would expect in the event of pyruvate oxidation being retarded. One would also expect some of the symptoms of chronic cocaine poisoning to resemble some of those associated with vitamin B1 deficiency.
The fact that cocaine does not appreciably inhibit anaerobic synthesis of acetylcholine in vitro in the presence of ATP as energy donor does not indicate that acetylcholine synthesis in vivo is immune from the inhibitory action of cocaine. On the contrary, experiments with respiring fresh brain homogenate show that acetylcholine synthesis is, under these conditions, appreciably inhibited, presumably as a result of the block in the essential energy-yielding mechanism of respiration. (Received 8 January 1954) Shock is best defined, simply, as the general reaction of the body to injury and its most characteristic features in small manmals, such as the rat, are depression of oxygen consumption and body temperature (Tabor & Rosenthal, 1947; Green & Stoner, 1950 , 1954 . These changes which occur during excessive loss from the carbohydrate stores (Stoner, Threlfall & Green, 1952a; Threlfall & Stoner, 1954) , imply decreased energy production by the shocked animal and the idea that this is the essential metabolic change after severe injury has been discussed (Green & Stoner, 1954) . The possible explanations of the decreased energy production which have been considered may be sunmmarized as follows: (1) Exhaustion of the stored energy of the body-the 'energy depletion' hypothesis of McShan, Potter, Goldman, Shipley & Meyer (1945) . (2) 'Uncoupling' of phosphorylation from the oxidative production of energy. (3) Incomplete metabolism of energy-yielding substrate. Attempts have been made to analyse these possibilities (Stoner et al. 1952a, b; Threlfall & Stoner, 1954) and in the experiments now described the view that the depressed metabolism ofthe animal in shock is due to exhaustion of its stores of energyrich compounds has been examined. In the light of current biochemical thought (Lipmann, 1941; Krebs, 1953) this would be represented by depletion of the phosphocreatine (PC) and adenosine triphosphate (ATP) of the tissues which satisfy their immediate energy requirements at the expense of the 'energy-rich bonds' (, P) of these compounds. 
